Alexandre M, Pandol SJ, Guha S. A novel protein kinase D inhibitor attenuates early events of experimental pancreatitis in isolated rat acini. Am J Physiol Gastrointest Liver Physiol 300: G120 -G129, 2011. First published October 14, 2010; doi:10.1152/ajpgi.00300.2010.-Novel protein kinase C isoforms (PKC ␦ and ε) mediate early events in acute pancreatitis. Protein kinase D (PKD/PKD1) is a convergent point of PKC ␦ and ε in the signaling pathways triggered through CCK or cholinergic receptors and has been shown to activate the transcription factor NF-B in acute pancreatitis. For the present study we hypothesized that a newly developed PKD/PKD1 inhibitor, CRT0066101, would prevent the initial events leading to pancreatitis. We pretreated isolated rat pancreatic acinar cells with CRT0066101 and a commercially available inhibitor Gö6976 (10 M). This was followed by stimulation for 60 min with high concentrations of cholecystokinin (CCK, 0.1 M), carbachol (CCh, 1 mM), or bombesin (10 M) to induce initial events of pancreatitis. PKD/PKD1 phosphorylation and activity were measured as well as zymogen activation, amylase secretion, cell injury and NF-B activation. CRT0066101 dose dependently inhibited secretagogue-induced PKD/PKD1 activation and autophosphorylation at Ser-916 with an IC50 ϳ3.75-5 M but had no effect on PKC-dependent phosphorylation of the PKD/PKD1 activation loop (Ser-744/748). Furthermore, CRT0066101 reduced secretagogue-induced zymogen activation and amylase secretion. Gö6976 reduced zymogen activation but not amylase secretion. Neither inhibitor affected basal zymogen activation or secretion. CRT0066101 did not affect secretagogue-induced cell injury or changes in cell morphology, but it reduced NF-B activation by 75% of maximal for CCK-and CCh-stimulated acinar cells. In conclusion, CRT0066101 is a potent and specific PKD family inhibitor. Furthermore, PKD/PKD1 is a potential mediator of zymogen activation, amylase secretion, and NF-B activation induced by a range of secretagogues in pancreatic acinar cells.
distinct serine-threonine kinase, protein kinase D (PKD/ PKD1), has emerged as a key downstream target of novel PKC isoforms in pancreatic acinar cells during secretagogue-induced models of acute pancreatitis (2, 4, 42) .
PKD/PKD1 (initially known as PKC ) has structural and regulatory properties that distinguish it from typical members of the PKC family. It is the founding member of a broader PKD family including PKD/PKD1, PKD2, and PKD3. The PKD/PKD1 isoform can be activated by a wide spectrum of stimuli including diacylglycerol, phorbol esters, growth factors, and downstream mediators of G protein-coupled receptors including PKC (2, 27, 35, 42) . PKD/PKD1 is largely activated by the novel PKC isoforms that phosphorylate residues Ser-744 and Ser-748 of the PKD/PKD1 activation loop (2, 25, 37, 38) . PKD/PKD1 further undergoes autophosphorylation at residue Ser-916 during its activation process (22) . PKD/PKD1 isoforms are involved in an extensive range of intracellular functions including secretion (4, 6, 18) , phosphorylation of histone deacetylase (21) , and heat shock proteins (21) , apoptosis (21) , and proliferation (26) . Furthermore, PKD/PKD1 isoforms are involved in initiation of gene transcription via activation of transcription factors such as c-Jun (11, 40) , cAMP-response element binding protein (40) , and, most notably, NF-B (42) .
In isolated rat pancreatic acinar cells, a number of secretagogues have been shown to activate PKD/PKD1 (2) . The hormone cholecystokinin (CCK) and the cholinergic agonist carbachol (CCh) induced a dose-dependent rapid activation of PKD/PKD1 as measured by in vitro kinase assay and by phosphorylation at the activation loop (Ser-744/748) or autophosphorylation site (Ser-916). This activation of PKD/PKD1 correlated with increased NF-B activity (42) . Inhibition of novel PKCs with isoform-specific peptide inhibitors resulted in a decrease in PKC activity and subsequently PKD/PKD1 activity, highlighting the downstream signaling events. Since primary pancreatic acinar cells are difficult to keep responsive and viable in long-term culture for transfection, the AR42J cell line, a well-established surrogate model for studying intracellular mechanisms of pancreatitis, was used (19, 24, 30) . Knockdown of PKD/PKD1 resulted in decreased NF-B activity whereas overexpression of PKD/PKD1 caused increased NF-B activation, confirming the critical role of PKD/PKD1 in NF-B activation (42) . The data from this study convincingly argue that PKD/PKD1 is involved in one of the main stages found in experimental pancreatitis but no data are currently available regarding the role of PKD/PKD1 in premature zy-mogen activation. We have previously shown that inhibition of PKC with specific inhibitors does reduce zymogen activation in isolated pancreatic acini, but we cannot be certain that this effect is PKC/PKD/PKD1 mediated (33, 34) . It may occur via another pathway.
In our present study, we have used a newly developed small molecule pharmacological inhibitor, CRT0066101, isolated from a high-throughput screen to identify PKD family-specific inhibitors. Recently, this PKD family-specific inhibitor was shown to block pancreatic cancer growth both in vitro and in vivo (9) . We have highlighted the role PKD/PKD1 plays in another pancreatic disease process, acute pancreatitis, by showing that this drug reduces zymogen activation, amylase secretion, and NF-B activation without affecting cell injury or morphology.
MATERIALS AND METHODS
Preparation of isolated pancreatic acini. Acini were isolated as previously described (3) . Briefly, fasted male Sprague-Dawley rats 50 -150 g (Charles River Laboratories, Wilmington, MA) were euthanized by CO 2 via a protocol approved by the Yale University and the Veterans Administration Animal Care and Use Committees at both the Connecticut and Greater Los Angeles Health Care Systems. Acinar medium was prepared as follows (in mM): 10 HEPES (pH 7.4), 95 NaCl, 4.7 KCl, 0.6 MgCl 2, 1 NaH2PO4, 10 glucose, 2 glutamine, plus 0.1% BSA, 1 ϫ MEM-amino acids (GIBCO-BRL, San Jose, CA) and 1.3 mM CaCl 2. The pancreas was collected in 15 ml of calcium-free acinar media. The pancreas was then minced in a minimal volume of calcium-free medium for 5 min, washed three times with calcium-free medium. The minced tissue was then placed into a 50-ml flask with 12 ml of acinar medium containing 50 U/ml of type-4 collagenase (Worthington, Freehold, NJ) for 60 min at 37°C with shaking (120 rpm). The digest was filtered through a 300-to 400-m mesh (Sefar American, Depew, NY) and washed with acinar medium. Isolated acini (groups of 20 -100 acinar cells) were distributed among the 24 wells (0.5 ml suspension/well) of a 24-well Falcon tissue culture plate (Becton Dickinson, Franklin Lakes, NJ). All reagents were purchased from Sigma (St. Louis, MO) unless otherwise noted.
Acinar experimental protocol. Acini were recovered for 120 min at 37°C under constant O 2 with shaking (90 rpm). Medium was changed at 60 min. At 120 min acini were treated without changing medium. Acini were treated with CCK (0.1 M), CCh (1 mM), or bombesin (10 M) for 60 min (unless otherwise noted). Samples were collected, placed in 1.5-ml centrifuge tubes (USA Scientific, Waltham, MA), and centrifuged for 1 min at 30 g, and 50 l of the resulting cell-free supernatant was removed to a 0.5-ml microcentrifuge tube to assay for secreted amylase. The remaining 450 l of cells ϩ media was retained for zymogen activation assays and determination of total amylase. All samples were stored at Ϫ80°C.
PKD/PKD1 inhibitors. Acinar cells were treated with 10 M of either Gö6976, a general PKD/PKD1 inhibitor, or CRT0066101 (obtained from Cancer Research Technology, London, UK) for 120 min prior to secretagogue stimulation.
Immunoblot analysis. Materials included antibodies against PKD1/ PKD2 C-20 were from Santa Cruz Biotechnology (Santa Cruz, CA); phosphoserine 744/748 PKD/PKD1 antibody that detects primarily the phosphorylated state of Ser 744 and the phosphoserine 916 PKD/PKD1 antibody were obtained from Cell Signaling Technology (Beverly, MA). The latter antibody also detects the autophosphorylated form of PKD2. After samples were adjusted for protein concentration, equal amounts of protein were fractionated by SDS-PAGE and electrophoretically transferred to nitrocellulose membranes. The membranes were blocked at 4°C overnight or at room temperature for 60 min in Tris-buffered saline, supplemented with 5% nonfat dry milk, and probed with primary antibody (1:500; overnight). Then the membranes were incubated with secondary antibodies conjugated with horseradish peroxidase for 60 min at room temperature. Blots were developed by use of the enhanced chemiluminescence detection kit (Pierce, Rockford, IL).
Kinase activity assays. ATP and [␥-32P] ATP were from Perkin Elmer (Torrance, CA). Protein-A-agarose was from Roche Applied Science (Mannheim, Germany), and the PKD/PKD1 substrate syntide-2 was from Bachem (Chicago, IL). PKD/PKD1 in pancreatic acinar cells or pancreatic tissue lysates was immunoprecipitated at 4°C for 180 min with the PKD-specific C-20 antibody (1:100) and protein A-agarose as previously described (42) . Exogenous substrate syntide-2 phosphorylation by immunoprecipitated PKD/PKD1 was carried out by mixing 20 l of the washed immunocomplexes with 10 l of a phosphorylation mixture containing 100 M ATP (including [␥-32P]ATP at 2 Ci/assay or with specific activity, 400 -600 cpm/ pmol) and 2.5 mg/ml syntide-2 (PLARTLSVAGLPGKK) in kinase buffer. After 10 min of incubation at 30°C, the reaction was stopped by adding 100 l of 75 mMH3PO4, and 75 l of the supernatant was spotted on P-81 phosphocellulose paper. Free [␥-32P] ATP was separated from the labeled substrate by washing the P-81 paper four times for 5 min in 75 mM H 3PO4. The papers were dried, and the radioactivity incorporated into syntide-2 was determined by Cerenkov counting.
Enzymatic activity assays. Enzyme activities were carried out as previously described (3) . Briefly, samples were thawed, homogenized, and centrifuged. Lactate dehydrogenase assay. The assay was performed by using the commercially available Cytotox 96 nonradioactive cytotoxicity assay kit according to the manufacturer's instructions (Promega, Madison, WI). In brief, acinar cells were pretreated with CRT0066101 for 120 min followed by stimulation with cholecystokinin (CCK, 0.1 M), CCh (1 mM), or bombesin (10 M) for a further 120 min. Samples were collected and centrifuged at 30 g for 30 s. A 50-l aliquot of medium was then removed to measure lactate dehydrogenase (LDH) release from the cells. A manufacturer-provided lysis reagent was then added to the remaining 450 l of cells and medium to determine total LDH. Both cell and medium samples were assayed. The results were expressed as the percent LDH released into the medium.
Amylase assay. Amylase activity was determined by using a commercial kit (Phaebadas kit; Pharmacia Diagnostic, Rochester, NY) as described (3) . Amylase secretion was calculated as the percent total cellular amylase released into the medium [medium/(medium ϩ cells)].
Morphological analysis. Acini were isolated as above and treated with or without CRT0066101 (10 M) for 120 min followed by treatment with CCK (100 nM), CCh (1 mM), or bombesin (10 M) for an additional 60 min. In some experiments cells were preincubated with Gö6976 (10 M) or the trypsin inhibitor N-␣-p-tosyl-L-lysine chloromethyl ketone (TLCK, 200 M). Acini were centrifuged at 30 g for 5 min and medium was removed. To the acinar pellets 1 ml of PLP fixative (10 mM NaIO4, 75 mM lysine, 37.5 mM NaPO4, 2% paraformaldehyde) was added and placed on ice for 60 min. Pellets were then washed two times with PBS and postfixed in 1.0% osmium tetroxide (Polysciences, Warrington, PA), dehydrated in ethanol in propylene oxide, embedded in 100% EPON resin, and sectioned by use of an ultramicrotome and then stained with hematoxylin. Sections were examined for cytosolic vacuole formation and plasma membrane blebbing by use of an Olympus BX51 microscope.
Preparation of nuclear extracts and NF-B DNA binding activity measurement. Nuclear protein extracts were prepared by using ActiveMotif nuclear extract kit (Carlsbad, CA) following the manufacturer's instructions. NF-B DNA binding activities were measured with EMSA as described previously (42) or with ELISA (for pancreas tissue) using ActiveMotif NF-B p65 Transcription factor assay kit, following the manufacturer's instructions.
Statistical analysis. Data represent means Ϯ SE of at least three individual experiments unless otherwise noted, with each experiment being performed in at least duplicate. A Student's t-test analysis was used to determine statistical significance and P values of Ͻ 0.05 were assigned significance.
RESULTS

Secretagogue-induced zymogen activation but not amylase secretion is inhibited by the pharmacological PKD/PKD1
inhibitor Gö6976 (10 M). Initially we examined the role of PKD/PKD1 in pancreatitis using a commercially available inhibitor in an experimental model of acute pancreatitis induced by treating isolated acinar cells with high concentrations of secretagogues (the hormone CCK, the muscarinic agonist CCh, and the gastrin receptor agonist bombesin). Pretreatment of pancreatic acini with Gö6976 (10 M), a pharmacological PKD/PKD1 inhibitor that does not inhibit novel PKC isoforms, reduced secretagogue-induced zymogen activation (Fig. 1 ). Trypsin and chymotrypsin activities were measured as markers of zymogen activation. Trypsin activities were completely inhibited in CCK-stimulated cells and reduced by 80% of maximal in CCh-and bombesin-stimulated cells that had been pretreated with Gö6976 (Fig. 1A) . Chymotrypsin (Fig. 1B) activities followed a similar pattern with complete inhibition for CCK stimulated cells and a 62 and 89% reduction in activity for CCh-and bombesin-stimulated cells, respectively. Amylase secretion was unaffected by Gö6976 pretreatment for all secretagogues (Fig. 1C) . At the concentrations used in this study, Gö6976 (10 M) has been shown to inhibit PKD/PKD1 autophosphorylation at Ser-916 by 43% of maximal with a small inhibition at Ser-744/748 (2) . Recently, however, the specificity and efficacy of this inhibitor has been questioned (1, 8, 28) ; therefore we developed a more specific PKD/PKD1 inhibitor to assess the role of PKD/PKD1 in pancreatitis.
Secretagogue-stimulated autophosphorylation and kinase activity of PKD/PKD1 is inhibited by CRT0066101 (1-10 M).
In a recent study, we have developed a novel, small-molecule PKD/PKD1 inhibitor, CRT0066101, that has a greater specificity for PKD/PKD1 (9). This compound has been shown to reduce growth of tumors in both subcutaneous and orthotopic models of pancreatic cancer by inhibiting autophosphorylation and activation of PKD/PKD1. The widely accepted model of PKD/PKD1 activation involves a series of phosphorylation events, although this has recently been questioned by a couple of studies (14, 28) . Generally, phosphorylation of PKD/PKD1 occurs via a PKC-dependent mechanism at Ser-744/748 and autophosphorylation at Ser-916, leading to activation of the kinase (13, 26, 39, 43) . Treatment of isolated acinar cells with hyperstimulatory concentrations of secretagogue (CCK 100 nM; CCh 1 mM; bombesin 1-10 M) for 60 min caused phosphorylation of PKD/PKD1 at both Ser-744/748 and Ser-916 and increased its kinase activity by approximately threefold (Figs. 2 and 3, respectively) . Pretreatment of acinar cells, prior to secretagogue stimulation, with increasing concentrations of CRT0066101 (1-5 M) reduced PKD/PKD1 autophosphorylation at Ser-916, with complete inhibition at 10 M Fig. 1 . PKD/PKD1 inhibitor Gö6976 (10 M) inhibits secretagogue-induced zymogen activation but not amylase secretion. Trypsin (A) and chymotrypsin activities (B) were measured in cells that had been stimulated with 100 nM CCK, 1 mM carbachol (CCh), or 10 M bombesin for 60 min either with (speckled bars) or without (black bars) pretreatment with PKD/PKD1 inhibitor Gö6976 (10 M; 2 h). Data were normalized to amylase content and expressed as fold vs. maximal for each secretagogue. Amylase secretion (C) was expressed as % total. *P Ͻ 0.05 vs. maximal secretagogue; N ϭ 3. (Fig. 2) . PKC-dependent phosphorylation at Ser-744/748 was unaffected by CRT0066101 pretreatment. For comparison, pretreatment with GF109203X (GF, 5 M), a classic and novel PKC inhibitor, inhibited PKC-dependent phosphorylation at Ser-744/748 and reduced autophosphorylation at Ser-916. Pretreatment with CRT0066101 reduced PKD/PKD1 kinase activity induced by hyperstimulatory CCK, CCh, or bombesin by 63, 63, and 88%, respectively (Fig. 3) . By comparison, pretreatment with the novel PKC inhibitor GF reduced PKD/ PKD1 activity 70, 74, and 94% of maximal with CCK, CCh, and bombesin, respectively. In summary, CRT0066101 inhibited PKD/PKD1 autophosphorylation at Ser-916 and reduced secretagogue-stimulated kinase activity.
Secretagogue-induced zymogen activation and amylase secretion is reduced by PKD/PKD1 inhibition with CRT0066101 (10 M). We assessed whether CRT0066101-dependent inhibition of PKD/PKD1 autophosphorylation and reduction in PKD/PKD1 activity affected zymogen activation and amylase secretion. Trypsin activities were reduced by 75, 52, and 53% of maximal for CCK-, CCh-, and bombesin-stimulated cells, respectively, which had been pretreated with CRT0066101 (Fig. 4A) . Chymotrypsin (Fig. 4B) activities followed a similar pattern with 75, 50, and 81% reduction in activity for CCK, CCh, and bombesin-stimulated cells, respectively. In contrast to studies with Gö6976, amylase secretion was significantly reduced for all secretagogues following CRT0066101 pretreatment (CCK: reduced from 15 to 8%; CCh: 11 to 7%; bombesin: 10 to 7%, Fig. 4C ). CRT0066101 pretreatment did not reduce amylase secretion induced by physiological concentrations of CCK or CCh (Table 1) . Although a reduction in physiological bombesin-induced amylase secretion was seen, the reduction was not statistically significant.
Secretagogue-induced cathepsin B activity is reduced by PKD/PKD1 inhibition with CRT0066101 (10 M). We further explored the potential mechanism by which PKD/PKD1 influences zymogen activation. The lysosomal hydrolase cathepsin B is largely responsible for activation of trypsinogen, and we assessed whether CRT0066101-dependent inhibition of PKD/ PKD1 reduced cathepsin B activity. CCK-induced cathepsin B activity was inhibited by CRT0066101, indicating that PKD regulates cathepsin B-induced trypsinogen activation (Fig. 5) .
Secretagogue-induced cell injury is unaffected by CRT0066101 (10 M). The effects of CRT0066101 on cellular injury were evaluated by LDH release as an index of cell damage (Fig. 6 ). Acini were treated with CCK, CCh, or bombesin in the presence or absence of CRT0066101 for 120 min, and the percent LDH release into the cell culture medium was determined. After treatment with 100 nM CCK, LDH release rose from a control level of 7% to 18%, with 1 mM CCh it increased to 10%, and with 10 M bombesin there was no significant increase. Stimulated cells pretreated with CRT0066101 exhibited a slight reduction in injury, but this was not statistically significant. To further evaluate effects of CRT0066101 on cellular injury caused by supraphysiological doses of CCK, CCh, and bombesin, morphological indicators of injury were assessed.
Secretagogue-induced morphological changes are unaffected by CRT0066101 (10 M).
Effects of CRT0066101 on secretagogue-stimulated changes in cell morphology were assessed by light microscopy. Untreated cells showed none of the hallmark indicators of cell injury (Fig. 7A ). Cells pretreated with 10 M CRT0066101 did not exhibit any signs of cell injury either (Fig. 7B ). Cells treated with CCK 100 nM (Fig.  7C) showed both plasma membrane blebbing (arrows) and formation of cytosolic vacuoles (arrowheads). Pretreatment with CRT0066101 prior to CCK stimulation had no effect on CCK-induced membrane blebbing and cytosolic vacuole for- Fig. 4 . CRT0066101 (10 M) inhibits secretagogue-induced zymogen activation and amylase secretion. Trypsin (A) and chymotrypsin activities (B) were measured in cells that had been stimulated with 100 nM CCK, 1 mM CCh, or 10 M bombesin for 60 min either with (speckled bars) or without (black bars) pretreatment with PKD/PKD1 inhibitor CRT0066101 (10 M; 2 h). Data were normalized to amylase content and expressed as fold vs. maximal for each secretagogue. Amylase secretion (C) was expressed as % total. *P Ͻ 0.05 vs. maximal secretagogue; N ϭ 6 for CCK; N ϭ 4 for CCh and bombesin. mation (Fig. 7D) . Treatment of acinar cells with 1 mM CCh caused plasma membrane blebbing and vacuolization (Fig.  7E) ; compared with CCh-stimulated cells pretreated with CRT0066101, a similar degree of vacuolization was observed but blebbing was reduced (Fig. 7F) . Bombesin-treated cells (10 M bombesin) with or without CRT0066101 pretreatment showed no signs of cellular injury, most likely because activated zymogens have been secreted (7) .
Secretagogue-induced morphological changes are reduced by Gö6976 (10 M) but not by trypsin inhibitor TLCK (200 M).
Given that CRT0066101 reduces zymogen activation but also secretion, there may be sufficient levels of residual activated enzyme to maintain acinar cell injury. Since Gö6976 reduces zymogen activation but not secretion, we investigated whether morphological evidence of acinar cell injury was reduced in the presence of Gö6976. Cells pretreated with 10 M Gö6976 did not exhibit any signs of cell injury (Fig. 8A ) and cells pretreated with Gö6976 followed by stimulation with 100 nM CCK lacked evidence of morphological injury (Fig.  8B) , suggesting that secretion of active enzymes reduces injury. To further verify the contribution of activated trypsin to acinar cell injury, we pretreated cells with CRT0066101 and a trypsin inhibitor (TLCK) to see whether inhibition of residual trypsin reduced morphological injury. TLCK pretreatment did not alter cell morphology (Fig. 8C ) in unstimulated cells, nor did it reduce morphological injury induced by CCK (100 nM), with or without CRT0066101 pretreatment (Fig. 8, D and E) .
Secretagogue-induced NF-B activation is inhibited by CRT0066101 (10 M).
To determine the role of PKD/PKD1 activation in secretagogue-induced NF-B activation, we pretreated the isolated pancreatic acini with CRT0066101 (10 M) for 120 min before stimulation with a pathological dose of CCK (100 nM) or CCh (1 mM). NF-B-DNA binding activity in nuclear extracts was measured by EMSA. As illustrated in Fig. 9 , CRT0066101 (10 M) markedly reduced CCK-and CCh-stimulated NF-B activation. These results are consistent with our previous findings achieved in rat pancreatic acinar AR42 J cells by using a molecular approach to upregulate or downregulate PKD/PKD1 expression (42) .
DISCUSSION
Previous work from our laboratories has demonstrated a role for the novel protein kinase C isoforms, PKC␦ and PKCε, in the early stages of acute pancreatitis, including zymogen activation, secretion, and NF-B activation (30 -34) . More recently the focus has centered on downstream targets of these PKC isoforms, most notably protein kinase D (PKD/PKD1, 4, 2, 42). Because of the lack of effective specific PKD/PKD1 inhibitors and the difficulties associated with genetic manipulation of primary acinar cell culture, our prior study has used indirect approaches to address the role of PKD/PKD1 in acute pancreatitis (42) . Such techniques include inhibition of PKD/ PKD1 through pharmacological inhibition of PKC and small interfering RNA knockdown or overexpression of PKD/PKD1 in a pancreatic AR42J cell model. Although these approaches are fine for determining effects of PKD/PKD1 on ubiquitous events such as NF-B activation, they cannot be effectively used to assess the role of PKD/PKD1 in acinar cell-specific processes such as premature zymogen activation.
Exciting new findings have recently shown that a potent and selective inhibitor of PKD/PKD1, CRT0066101, can inhibit the growth of pancreatic tumors in vivo (9). This drug not only has the potential to treat cancer by blocking PKD/PKD1-mediated mitogenic signaling pathways but can be used to investigate the role of PKD/PKD1 in other pathological processes. Therefore, in our present study, we have employed this inhibitor to determine the function of PKD/PKD1 in pathological responses elicited during acute pancreatitis.
Initially, we induced early pancreatitis responses in isolated pancreatic acini by treatment with high (pathological) concentrations of diverse secretagogues (CCK, CCh, and bombesin) and measured zymogen activation and amylase secretion. In cells that had been pretreated with a commercially available PKD/PKD1 inhibitor, Gö6976 (10 M), we saw a significant reduction in trypsin and chymotrypsin activities for all three secretagogues, with no change in amylase secretion (Fig. 1) . Gö 6976, however, has also been shown to inhibit other kinases including PKC␣ and PKC␤1 as well as the TrkA, TrkB, JAK2, and JAK3 tyrosine kinases (1, 8, 20) . This should not pose a problem in the context of zymogen activation since previous studies have concluded that PKC␣ does not mediate zymogen activation (33) . The results presented here indicate that PKD/ PKD1 mediates zymogen activation although nonspecific effects of Gö6976 cannot be ruled out (1, 8) . Therefore, we complemented these initial findings with studies using a specific PKD/PKD1 inhibitor, CRT0066101. Prior to using CRT0066101 in our studies we characterized its efficacy in pancreatic acinar cells. CRT0066101 inhibited secretagogue-induced autophosphorylation of PKD/PKD1 at Ser-916 but did not affect phosphorylation at Ser-744/748, the PKC-dependent transphosphorylation sites in the activation loop, underscoring the specificity of CRT0066101 as a PKD/ PKD1 inhibitor. To further complement this, similar treatment groups were carried out in the presence of GF109203X, a classic and novel PKC inhibitor, in place of CRT0066101. As can be seen from Fig. 2 , when PKC is inhibited, phosphorylation at Ser-744/748 and Ser-916 are dramatically reduced, indicating that autophosphorylation at Ser-916 is partly dependent on PKC phosphorylating PKD/PKD1 at Ser-744/748. As a further assessment of the efficacy of CRT0066101, we looked at in vitro kinase activity of PKD/PKD1. Regardless of stimuli, CRT0066101 pretreatment significantly reduced kinase activity. The fact that activity is not completely inhibited could be due to the fact that PKD/PKD1 is still being phosphorylated by PKC and therefore may partially retain some activity. Furthermore, when acinar cells are pretreated with PKC inhibitor GF, activity is reduced by a similar degree. Again, since some PKD/PKD1 autophosphorylation is taking place at Ser-916 this may account for the partial activity seen (Fig. 3) .
CRT0066101 inhibited not only secretagogue-induced PKD/ PKD1 autophosphorylation and activity, but zymogen activation as well (Fig. 4) . Coupled with the Gö6976 data, this indicates that PKD/PKD1 is a mediator of zymogen activation. However, unlike with Gö6976 pretreatment, CRT0066101 also reduced amylase secretion (Fig. 4C) . A possibility for this discrepancy could be the degree of efficacy when comparing Gö6976 with CRT0066101. In previous studies, Gö6976 has been shown to reduce Ser-916 phosphorylation, although only by 43% of maximal (2) . In our study, CRT0066101 reduces Ser-916 phosphorylation by Ͼ95% of maximal. It is possible that the partial inhibition by Gö6976 still leaves enough active kinase to facilitate secretion but not zymogen activation. PKD/ PKD1 has previously been shown to promote hormone-induced amylase secretion in mouse exocrine pancreas (4). We have seen no effect of PKD/PKD1 inhibition by CRT0066101 on amylase secretion induced with physiological concentrations of secretagogue (Table 1) , although PKD/PKD1 promotes secretion at hyperstimulatory secretagogue levels (Fig.  4) . These findings raise the intriguing possibility that pathological secretion may proceed via a PKD/PKD1-mediated mechanism, whereas physiological secretion may not.
Inhibition of zymogen activation by CRT0066101 raises the interesting question of how PKD is influencing zymogen activation. One possibility is that PKD regulates the upstream activator of trypsinogen, cathepsin B. Another possibility is that it influences the activity of endogenous trypsin inhibitors in the cell. We pretreated cells with CRT0066101 and then stimulated with CCK (100 nM) and assayed for cathepsin B activity. We found that inhibition of PKD with CRT0066101 inhibits cathepsin B activity completely (Fig. 5) , strongly indicating that this is the predominant mechanism leading to PKD-mediated zymogen activation.
Reduction in PKD/PKD1-mediated zymogen activation by CRT0066101 would likely result in diminished cellular injury, although this was not the case when measuring LDH release as a marker of cellular injury (Fig. 6) . Furthermore, when conducting studies of morphological injury, we observed that CRT0066101 alone does not cause injury to the acinar cell (Fig. 7, A vs. B) , nor does it prevent secretagogue-induced injury, as depicted by plasma membrane blebbing and/or vacuolization (Fig. 7, C and E vs. D and F, respectively for CCK and CCh). Little injury is seen for bombesin-treated cells with or without CRT0066101 (Figs. 6 and 7, G and H), probably because bombesin is known to induce zymogen activation but it also causes secretion of activated enzymes (7). In addition, the level of zymogen activation for CCK and CCh stimulation is greater than that seen for bombesin (not shown), and hence a smaller amount of active enzyme will be present in bombesin-treated cells.
Given that CRT0066101 reduces zymogen activation it seems strange that it does not protect acinar cells from injury. A potential reason for this could be that secretion is reduced by CRT0066101 as well, and this might result in a net amount of active enzyme being retained within the acinar cell that is sufficient to cause cell injury. We assessed whether residual activated enzyme levels due to reduced amylase secretion may be the factor contributing to morphological injury. Pretreatment of cells with Gö6976, which reduced zymogen activation but not secretion, prevented CCK-induced morphological injury (Fig. 8B) , supporting this theory. To confirm this we took another approach and pretreated cells with CRT0066101 and the trypsin inhibitor TLCK to completely inhibit any residual active trypsin. Surprisingly, TLCK did not reduce CCK-induced morphological injury in the presence of CRT0066101 (Fig. 8, D and E) . Thus the protective effects conferred by Gö6976 may be due to inhibition of another pathway, given the nonspecific nature of this inhibitor. The lack of protective effect of CRT0066101 (with or without TLCK) indicates that morphological changes associated with acinar cell injury might not be related to zymogen activation (15) .
Our previous study using a molecular approach to upregulate or downregulate PKD/PKD1 expression level in rat pancreatic acinar AR42J cells indicated that PKD/PKD1 mediates CCKor CCh-induced NF-B activation (42) . Here the use of CRT0066101 to inhibit PKD/PKD1 catalytic activity enabled us to verify the earlier data achieved in AR42J cells and demonstrated again that PKD/PKD1 is required in NF-B activation induced by pathological doses of secretagogues in pancreatic acinar cells.
The work outlined in this study clearly defines a role for PKD/PKD1 in acute pancreatitis and raises the question as to what its intracellular targets may be. Sustained increases in cytosolic calcium and intraluminal acidification of zymogencontaining compartments are two processes that optimize premature zymogen activation (23, 29, 41) . It is possible that PKD/PKD1 may phosphorylate target proteins involved in these events. For sustained calcium elevations such targets include the inositol (1,4,5) trisphosphate receptor or the calciumsensitive release channel ryanodine receptor (12, 23) . In addition, mitochondrial calcium uptake is inhibited by a concerted action of p38MAPK and PKD/PKD1 and may provide another pathway for sustaining cytosolic calcium levels (16) . For intraluminal acidification of compartments, an ATP-dependent proton pump, vacuolar ATPase (vATPase), has been shown to be pivotal in facilitating premature zymogen activation (15, 41) . Little is known about its regulation in mammalian systems but phosphorylation by PKD/PKD1 could potentially affect vATPase assembly and function. Furthermore, acidification of compartments by vATPase could optimize cathepsin B activity, and our data show that cathepsin B activity is PKD sensitive. In terms of amylase secretion, PKD/PKD1 is known to play a role in zymogen granule trafficking and exocrine secretion (4) . In Madin-Darby canine kidney cells, a PKD/PKD1 isoform has been shown to promote cargo-specific transport via a basolateral route as opposed to an apical route (10) . Therefore, it seems plausible that, in acinar cells, PKD/PKD1 may also contribute to pathological secretion via a basolateral route.
This would then imply cross talk between PKD/PKD1 and some of the already-identified members of the basolateral secretory pathway, including PKC␣ and Munc18c (5, 17) . Finally, we and others have shown that PKD/PKD1 mediates NF-B activation via phosphorylation of IB␣ (42) . It is interesting to note that activation of zymogens and NF-B, although both affected by PKD/PKD1, are independently regulated events and are not sequential (36) .
In summary, we have used a newly developed, selective PKD/PKD1 inhibitor, CRT0066101, to demonstrate that PKD/ PKD1 mediates zymogen activation, amylase secretion, and NF-B activation in acute pancreatitis. Furthermore, these studies reveal PKD/PKD1 as the convergent point of three different receptor-mediated pathways and underscores its pivotal role in the disease process.
